Cellular structures such as membranes and proteins require water as a vital structural element. Dehydration causes a loss of structural integrity, leading to cell death. However, many lower organisms are able to survive extreme dehydration. Yeast can survive up to a 99% loss of water content (7), and many bryophytes can withstand drying to water contents of around 10% of their dry weight, with a subsequent return to normal metabolism. (12). These anhydrobiotic organisms share the property of being able to produce high concentrations of certain disaccharides in response to desiccation or high temperature. The most common and perhaps the most effective of these is trehalose, a nonreducing disaccharide of glucose. In some anhydrobiotic organisms such as yeast, trehalose is found
at about 20% of dry weight in the desiccated state (7) . Trehalose probably works by replacing water molecules, thereby inhibiting protein denaturation and aggregation during desiccation. It also acts to preserve membrane structure in the dry state (18, 19) . The unusual biophysical properties of trehalose have made it attractive as a preservative, with successful uses in the food industry and for cryopreservation of human pancreatic islets (2) , enzymes (4), DNA products (30) , and liposomes (9) .
Some anhydrobiotic organisms use carbohydrates or polyols other than or in addition to trehalose as a desiccation protective agent, including maltose, sucrose, lactose, inositol, and glycerol (5, 6) . For example, sucrose-expressing Escherichia coli exhibit a 10,000-fold increase in survival compared to wild-type cells following air drying (3) . Some carbohydrates and polyols have been used as cryoprotectants for mammalian cells, including glycerol (27) , dextran (26) , and trehalose (2) . A combination of glycerol and trehalose has also been found to enhance the cryopreservation of mouse sperm (29) .
High degrees of desiccation tolerance, although common in plants and lower animals, are not pre-
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To extend our previous results with the desiccation of human cells, we have studied the factors that influence the ability of cells to withstand periods of desiccation. Several important findings have emerged from those studies; e.g., maintaining desiccated cells under vacuum leads to a dramatic improvement in the duration of desiccation tolerance. Surprisingly, human cells maintained under vacuum in the absence of trehalose or other disaccharides were able to tolerate desiccation almost as well as the same cells maintained under vacuum in the presence of trehalose. The initial rate of drying had a dramatic impact on survival in the desiccated state. Rapid drying such as occurs when cells are dried under laminar-airflow biosafety cabinets resulted in cell death irrespective of other conditions. Finally, a variety of other factors, such as the temperature at which the cells were maintained, initial cell density, and exposure to light, had significant effects on desiccation tolerance. Overall, we have found that human cells have endogenous mechanisms that allow them to survive for a short time in the desiccated state. Furthermore, the data presented here strongly suggest that free-radical-mediated damage contributes significantly to the loss of viability that occurs over time in the desiccated state.
MATERIALS AND METHODS

Cells and Tissue Culture
The human foreskin fibroblast cell lines F12 (15) or Basinger (31) were grown in Dulbecco's modified Eagle's (DME) medium supplemented with 10% fetal bovine serum. To desiccate the cells, medium was completely removed with a Pasteur pipette and vacuum aspiration. Subsequently, the cover was placed back on the tissue culture plates or dishes and they were left to dry for 10 min. 
Introduction of Carbohydrates and Polyols
D(ϩ)-Trehalose dihydrate (reduced metal content), dextran (MW 64,000-76,000), mannitol, sorbitol, glycogen (bovine liver type IX), and sucrose were purchased from Sigma. Adenoviral infection with Ad-OTS was performed at a multiplicity of infection (MOI) of 300 to 400 as previously described (15) .
Osmotic shock. Hypertonic medium consisted of DME with 10 mM Hepes and 5% fetal calf serum (FCS), trehalose (50 mM), sucrose (0.5 M), and PEG-1000 (10%). Hypotonic medium consisted of 30 ml Hanks' balanced salt solution plus 20 ml dH2O. (23) . For osmotic shock of cells in suspension, cells were trypsinized and counted with a hemocytometer. One million cells were pelleted by centrifugation. Hypertonic solution (200 l) was added, incubated for 8 min at 37°C mixed with 20 volumes of hypotonic medium, and incubated for 4 min at 37°C. The shock was terminated by the addition of excess DME medium (10% FBS), followed by plating of the cells onto a tissue culture dish. Osmotic shock of adherent cells was performed with a similar protocol except that 0.5 ml/well hypertonic or hypotonic solution was used.
Thermal shock. DME plus 10% FBS with 50 mM trehalose (final) was added to a cell suspen-sion and incubated for 5 min on ice, followed by 10 min at 37°C (10, 21) . For thermal shock of adherent cells, the cells were plated in six-well plates and grown to 90-95% confluence prior to thermal shock with 50 mM trehalose as described above.
Determination of Cellular Viability
Trypan blue exclusion was done by addition of 10 L of 0.4% trypan blue in 0.85% NaCl (GibcoBRL) to 10 L of a single-cell suspension of trypsinized cells and counting of the number of trypan blue positive and negative cells. Colony assay was done by harvesting of adherent cells 8 to 12 h after rehydration, counting of cells by hemocytometer, and plating of either 200 or 300 cells on a 10-cm tissue culture dish. The same number of cells from a nondesiccated control was plated in parallel. Approximately 1 week later, the plates were Giemsastained and the colonies were counted.
Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra were recorded at room temperature in absorbance mode on a Prospect-IR FTIR spectrometer (Midac Corp., Irvine, CA, U.S.A.) operating with GRAMS/32 (Galactic Industries, Salem, NH, U.S.A.). The mid-IR spectral region from 2500-4000 cm Ϫ1 was utilized. The spectra consist of a single scan each, with a resolution of 4 cm Ϫ1 , and were composed of 1271 data points.
RESULTS
Optimization of Cellular Trehalose Concentration
In our initial studies, trehalose was expressed intracellularly with an adenoviral vector that expresses the otsA and otsB genes. Whereas this vector resulted in significant levels of intracellular trehalose, it has a number of disadvantages, including the need to constantly produce adenoviral vector and the fact that adenoviral vectors exhibit significant cytotoxicity, particularly at high multiplicities of infection. Therefore, we tested three alternative methods of trehalose introduction: osmotic shock, thermal shock, and simple incubation in medium containing trehalose (Table 1) . Osmotic and thermal shock have been reported to mediate efficient entry of proteins into cells (10, 21) . Thermal shock has been used successfully with carbohydrates, including trehalose (2) . Consistent with our previous report (15) , Ad-OTS infection resulted in the production of about 1 nM trehalose/10 6 cells ( Table 1) . Incubation of trehalose with adherent cells for 10-30 min without osmotic or thermal shock did not result in a significant level of cellassociated trehalose. However, if trehalose was incubated with the cells for a prolonged period, it became tightly associated, either bound to the cell surface or internalized. Osmotic shock, although resulting in a substantial increase in cel- Note. Trehalose was introduced to the cells by (1) thermal shock of cells in suspension, (2) thermal shock of adherent cells, (3) osmotic shock of cells in suspension, (4) osmotic shock of adherent cells, (5) incubation for 24 h, (6) incubation for 24 h followed by thermal shock, (7) control without trehalose, (8) Ad-OTS at an MOI of 300, and (9) Ad-ots at an MOI of 400. Adherent cells were at 95% confluence. For cells incubated with trehalose, 50 nM trehalose was used. Cells were harvested for trehalose assay 48 h after introduction of trehalose. All samples treated with trehalose were washed five times with phosphate-buffered saline prior to being assayed for cell-associated trehalose by HPLC as previously described (15) . The data presented are the means and standard errors of the means from four independent experiments. lular trehalose concentration, also caused a large amount of cytotoxicity, so it was abandoned. The condition resulting in the highest level of bound trehalose was thermal shock of cells in suspension (4 nM trehalose/10 6 cells) (Table 1) . However, this condition also resulted in a high level of cytotoxicity. Overall, the best condition in terms of a balance between the level of cellular trehalose and the cytotoxicity was thermal shock of adherent cells.
Vacuum Potently Enhances the Ability of Cells to Withstand Desiccation
Whereas the introduction of trehalose into mammalian cells in culture allowed them to withstand desiccation for up to 5 days, cellular viability decreased rapidly over time. We hypothesized that this was due to damage to cellular structures that occurred over time in the desiccated state. A strong candidate for the source of that damage was oxygen free radicals. Therefore, we tested the effect of storing the desiccated cells under vacuum. Basinger human primary fibroblasts were plated in six-well plates and subjected to desiccation in the presence of trehalose introduced by thermal shock or by long-term trehalose incubation. Vacuum was applied by placing the plates inside a plastic bag and using a commercial vacuum sealer ordinarily used for food storage (MagicVac). The plates were stored for increasing periods of time before being rehydrated by addition of tissue culture medium. Viability was measured by trypan blue exclusion 1 day after rehydration. Vacuum had a dramatic positive effect on the retention of cellular viability in the desiccated state (Fig. 1) . Surprisingly, cells that were desiccated in the absence of trehalose but stored under vacuum retained a substantial level of viability, albeit below that of cells desiccated in the presence of trehalose. Cells desiccated in the presence of trehalose had a morphology different from that of cells dried in the absence of trehalose. In the absence of trehalose, the dried cells appeared flatter and more granular and had prominent membranes, particularly the nuclear membrane, compared to cells dried in the presence of trehalose (Fig. 2) . This was true, although less so, even in areas of wells where cells dried in the absence of trehalose retained viability.
Dried Cells Contain Minimal Quantities of Water
Previously, we used FTIR to determine that dried cells stored in air contained minimal quantities of water (15) . To ensure that the vacuumdried cells were also free of water, we again employed FTIR analysis. Cells that had been baked overnight at 65°C were compared to hydrated samples and samples that had been air-dried and stored under vacuum at room temperature. Assays were performed in triplicate. A representative spectrum from each group is shown in Fig.   210 PUHLEV ET AL.
FIG. 1.
Effect of vacuum on desiccation tolerance. Cells were desiccated by removal of all medium followed by storage with (Vϩ) or without (VϪ) vacuum. Trehalose (T) was introduced by thermal shock or by incubation for 24 h with 50 mM trehalose. Viability was measured by trypan blue exclusion (A) or by colony assay (B) as described under Materials and Methods. The viability prior to desiccation was 93%. This is a typical result from three experiments done with the colony assay to determine viability and five experiments done with trypan blue exclusion.
3. There was no detectable difference between the baked sample and the samples that were maintained under vacuum. On the same day that the water content was determined by FTIR, identical samples stored under vacuum were rehydrated and the viability was determined by trypan blue exclusion. The viability of the cells dried in the presence of trehalose and glycerol was 31 Ϯ 7%, whereas the viability of the cells stored under vacuum without trehalose or glycerol was 25 Ϯ 5%.
Comparison of Trypan Blue with Colony Assay for Determining Cellular Viability
In our initial studies of desiccation tolerance, a viability assay that utilized a combination of calcein AM to indicate live cells and ethidium homodimer-1 to indicate dead cells, according to protocols supplied with the Live/Dead Viability/Cytotoxicity Kit (Molecular Probes), was used. However, we found that this assay did not always seem to reflect the number of cells that were actually able to grow following desiccation. In the current study, a similar phenomenon was noted with trypan blue exclusion; i.e., the number of cells able to exclude trypan blue was greater than the number that seemed to grow in each well. Under some conditions, such as cells dried in the presence of glycogen, a substantial number of cells still exclude trypan blue immediately after rehydration (Fig. 8) . However, those cells almost never continue to grow. To definitively determine the effect of different desiccation protocols, an assay based on colony The cells in C were viable and grew, whereas the cells in D were dead. Microscopy was done with optics. Original optical magnification is 100ϫ; inset is a further 10ϫ digital magnification. formation was used. In this assay, rehydrated cells were replated at low density and the number of distinct colonies counted. In this way, only rehydrated cells able to undergo cell division are counted as viable. The patterns of viability determined by trypan blue exclusion and colony assay were the same (compare Fig. 1A with Fig. 1B) , validating the use of trypan blue to measure the effect of various interventions on cellular viability. However, the use of the colony assay accentuated the importance of vacuum in the maintenance of cellular viability in the desiccated state, with only the cells stored under vacuum retaining the ability to grow and form colonies after more than 5 days of desiccation.
Optimal Trehalose Concentration
To determine the optimal concentration of trehalose that would result in the highest degree of desiccation tolerance with minimum cytotoxicity, a dose response assessment was performed in which increasing concentrations of trehalose were incubated with Basinger cells for 24 h. The trehalose-exposed cells were then tested for desiccation tolerance under vacuum. The concentration of trehalose that resulted in maximal desiccation tolerance with minimal toxicity was 50 mM (Fig. 4) . Concentrations of 150 mM and above resulted in obvious cytotoxicity. The cytotoxicity may have resulted from the effects of prolonged hyperosmolarity.
Effect of Rate of Drying on Survival in the Desiccated State
In our initial studies of desiccation tolerance, cells grown in six-well tissue culture plates were dried under laminar airflow in a biosafety cabinet. This resulted in extremely rapid drying and 212 PUHLEV ET AL.
FIG. 3.
Water content of Basinger cells measured by FTIR spectroscopy. Cells were grown on glass coverslips. Four conditions were tested: cells were maintained in the hydrated state, cells were air-dried either in the presence or in the absence of trehalose and glycerol and stored under vacuum for 2 days, and cells were baked overnight at 65°C and then stored under vacuum. A glass coverslip with no cells was used as a control for background absorbance. The curves for the vacuum, vacuum ϩ trehalose and glycerol, and baked samples are essentially superimposable, indicating the absence of available water.
virtually no cells survived desiccation in the presence or absence of trehalose. Elimination of the rapid laminar-airflow drying step resulted in a much slower rate of desiccation and retention of viability despite there being no available water detectable by Fourier transform infrared spectroscopy (15) . Even so, we have consistently noted that there are large differences in the viability of cells in different wells and in different regions within a single well following rehydration. In general, cells at the periphery of each well tend to survive better than cells in the center. This seems to correlate with the areas where residual medium is present early in the drying process.
Fluorescent Light Has a Deleterious Effect on Desiccation Tolerance
Because of concern that free-radical-induced damage may play a substantial role in limiting the length of time that cells can withstand desiccation, we tested the effect of fluorescent lights on desiccation tolerance. In our initial studies (15) , desiccated cells were left in the open on laboratory benches under fluorescent lights. Fluorescent light is known to generate free radicals within hamster or human cells, generating oxidative DNA lesions and single-strand breaks (13, 20) . Desiccated cells maintained in the dark had a much greater viability than cells maintained under fluorescent lights, with the effect being most pronounced after 5 days of desiccation (Fig. 5) . This result is consistent with the hypothesis that free-radical-induced damage from the fluorescent lights is responsible for a decrease in the length of time that cells can be maintained in the desiccated state.
Effects of Confluence and Temperature on Desiccation Tolerance
To optimize the ability of cells in culture to withstand desiccation, the effects of confluence and temperature were studied. The optimal des- iccation tolerance occurred at high density (Fig.  6) . However, when the cells became too crowded, desiccation tolerance decreased, perhaps because of the general decrease in viability that occurs when cells in monolayers become too dense.
The temperature at which the cells were stored when desiccated had a dramatic effect on survival, with the optimum survival occurring at room temperature, 20°C. There were almost no viable cells at any other temperature by trypan blue exclusion (Fig. 7) and no colonies were ever grown from cells maintained in the desiccated state at other than 20°C.
Effects of Other Carbohydrates and Polyols on Desiccation Tolerance
In addition to trehalose, a number of other polyols and carbohydrates are found in anhydrobiotic organisms, in which they presumably function to preserve cellular structures in a manner similar to that of trehalose by serving as water substitutes by forming hydrogen-bonded interactions with polar or charged entities of the cell (16, 17) . To determine whether any of these molecules have properties that would allow them to substitute for trehalose in promoting desiccation tolerance in mammalian cells, a number of carbohydrates and polyols were systematically studied. Each was tested initially to determine the maximum concentration at which they could be used without causing cytotoxicity.
The ability of the different substances to mediate desiccation tolerance was then tested at the optimum concentration for each. Because of its efficacy with trehalose, the protocol used for desiccation was incubation with the carbohydrate or polyol for 12 h followed by air drying and storage in the dark under vacuum (Fig. 8) .
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FIG. 6.
Effect of confluence on desiccation tolerance. Different numbers of F12 cells were plated in 10-cm dishes to a confluency ranging from 15 to 100% as determined by visual inspection. Eight hours later, when the cells were well attached, the medium was removed and the cells were dried under vacuum for 4 days at which time fresh tissue culture medium was added. On day 5, cellular viability was determined by trypan blue exclusion assay.
FIG. 7.
Temperature and desiccation survival To test the effect of temperature on the ability of cells to withstand desiccation, 10 six-well plates containing Basinger cells were prepared at 90% confluency. Cells in 5 of the plates were subjected to thermal shock with trehalose. The plates were stored in pairs with and without trehalose at Ϫ70, Ϫ20, 4, 20, and 37°C for 3 days. The cells were then rehydrated and viability was determined by trypan blue exclusion.
FIG. 8.
Effect of polyols and disaccharides on desiccation tolerance. Basinger cells at 75% confluence were exposed to a polyol or disaccharide for 12 h prior to removal of media and desiccation under vacuum. Trehalose, maltose, and sucrose were used at a concentration of 50 mM; dextran, sorbitol, mannitol, and glycogen were used at a final concentration of 10% (w/v). After the indicated period of drying, medium was added, and 1 day later, the cellular viability was assessed by trypan blue staining. The data presented are from a representative experiment that was independently repeated three times.
Aside from dextran, which was completely ineffective in preserving cellular morphology or viability, the results with all of the carbohydrates and polyols were qualitatively similar. Each was able to mediate preservation of membrane integrity as measured by trypan blue exclusion (Fig. 8) . However, none except trehalose and glycerol was able to maintain cellular viability as determined by the ability of the cells to form colonies following rehydration (not shown). Therefore, glycerol was studied further by itself and in combination with trehalose.
When used singly, glycerol and trehalose were roughly similar in their ability to mediate desiccation tolerance (Fig. 9) . Together, an additive effect between glycerol and trehalose was observed, particularly when they were introduced by thermal shock (Fig. 9) . Prolonged incubation with glycerol resulted in substantial toxicity and so it could not be used.
DISCUSSION
The two most significant findings of the studies reported here are that the keeping of cells under vacuum leads to much greater viability in the desiccated state and that cells can survive desiccation under vacuum even in the absence of molecules such as trehalose.
The optimal protocol for the maintenance of cells in the desiccated state was the addition of a combination of trehalose and glycerol to the cells, subjecting them to thermal shock to promote intracellular entry, and their then slow desiccation followed by storage under vacuum. Our previous study demonstrated that intracellular trehalose mediated desiccation tolerance. However, in many anhydrobiotic organisms such as nematodes, substantial amounts of glycerol (4-5% of dry weight) are present in addition to trehalose (1, 8) . There is a strong correlation between the accumulation of these two chemicals and the survival in the desiccated state (5), but definite proof that glycerol acts as a desiccationprotective agent has been lacking. We found that cells exposed to a combination of trehalose and a low concentration of glycerol exhibited enhanced desiccation tolerance, consistent with a role for glycerol in desiccation protection.
By use of an optimized desiccation protocol, it was possible to maintain cells in the desiccated state with reliable recovery of at least some viable cells for up to 8 days. We have had intermittent success with recovering viable cells at up to 2 weeks (unpublished results). However, even under the best of circumstances, there is a decrease in viability over time. The reason for this is not known, but it may be related, at least in part, to the fact that we are unable with current equipment to completely eliminate air and moisture from the system.
The mechanism by which vacuum promotes desiccation tolerance is unknown. One possibility is that removal of air prior to the final stage of drying eliminates meniscus effects that could damage the cells. Another possibility is that vacuum reduces the oxygen that is available to generate free radicals. The view that free-radical-induced damage plays an important role in limiting the extent and duration of desiccation tolerance is supported by the finding that fluorescent lights had a deleterious effect on the survival of desiccated cells (Fig. 5) . There is increasing evidence that free radicals play an important role in controlling lifespan, both at the cellular (24, 25) and at the organismal levels (22 9 . Effect of glycerol and trehalose on desiccation tolerance. Basinger cells were plated in six-well plates and exposed to 3% glycerol and/or 50 mM trehalose immediately prior to undergoing thermal shock and desiccation under vacuum. After the period of drying was complete, medium was added and 1 day later the cells were harvested and plated for viability by colony assay. orate mechanisms to prevent and repair damage from free radicals. However, those mechanisms will be ineffective in the desiccated state. Once a critical level of damage has occurred in the desiccated state, the subsequently rehydrated cell may be unable to repair it and is likely to undergo apoptotic or necrotic cell death. Future experiments to decrease the generation of free radicals should help to test this hypothesis.
A significant problem with our current method of desiccating cells is the relative lack of control over the rate at which the cells are dried. Experiments with the lungworm parasite Muellerius cf. capillaris showed that a slow rate of drying enhanced the viability of desiccated organisms by 10-fold at day 28 compared with immediate exposure to 0% humidity (28) . In our system, substantial variations in viability that seem to correlate with the amount of medium remaining in the wells early in the drying process occur from well to well in a single six-well plate maintained under identical conditions. Preliminary experiments in which the rate of drying was crudely manipulated by alteration of the amount of medium that remains in the well during the initiation of the desiccation process support the hypothesis that a slow rate of drying is critical for maintenance of viability in the desiccated state (unpublished results). A recent study found that high levels of intracellular trehalose conferred tolerance to osmotic stress but not to desiccation (14) . However, in this study drying was done under laminar airflow, a condition under which we are also unable to reversibly desiccate cells. The mechanism by which a slow rate of initial desiccation enhances desiccation tolerance is not known. However, it is reasonable to speculate that time may be required for cells to adapt to a reduced water content, possibly through the synthesis of new molecules involved in desiccation tolerance. This may be true even when exogenous substances such as trehalose are introduced into the cell.
Prolonged incubation of cells with trehalose resulted in tight association of trehalose with the cells. This was sufficient to enhance desiccation tolerance but it is not known whether any of the trehalose actually entered the cells. Anhydrobiotic organisms have a trehalose carrier in the plasma membrane, allowing them to transport trehalose to both sides of the membrane (11) . Mammalian cells are not known to possess a trehalose transporter, making it likely that the effect of exogenously added trehalose is exclusively extracellular. However, glycerol will readily enter cells and we found that glycerol at low concentrations acted additively with trehalose to promote desiccation tolerance. High concentrations of glycerol were toxic.
A surprising aspect of the studies reported here is that human cells in culture can withstand desiccation for substantial lengths of time even in the absence of trehalose or another exogenously introduced carbohydrate. Initially, we used the 12F fibroblast cell line (15) , whereas in this study the Basinger fibroblast cell line was used. We have also successfully tested human mesenchymal stem cells with results similar to those reported here (unpublished results). This indicates that cells from an organism that is not desiccation tolerant have mechanisms that allow them to withstand virtually complete desiccation. Identification of those mechanisms may provide valuable insights into the response of human cells to desiccation stress.
